Genomic imprinting is an epigenetic process that restricts gene expression to either the maternally or paternally inherited allele 1,2 . Many theories have been proposed to explain its evolutionary origin 3, 4 , but understanding has been limited by a paucity of data mapping the breadth and dynamics of imprinting within any organism. We generated an atlas of imprinting spanning 33 mouse and 45 human developmental stages and tissues. Nearly all imprinted genes were imprinted in early development and either retained their parent-of-origin expression in adults or lost it completely. Consistent with an evolutionary signature of parental conflict, imprinted genes were enriched for coexpressed pairs of maternally and paternally expressed genes, showed accelerated expression divergence between human and mouse, and were more highly expressed than their non-imprinted orthologs in other species. Our approach demonstrates a general framework for the discovery of imprinting in any species and sheds light on the causes and consequences of genomic imprinting in mammals.
Despite over 20 years of study [2] [3] [4] [5] , evolutionary explanations for genomic imprinting remain controversial. The conflict/kinship theory posits that imprinting evolved as a result of different selection pressures on maternally and paternally derived alleles 3, 5, 6 . For example, in species where litters of multiple paternities are common, increased expression of genes that promote fetal growth at the expense of the mother and littermates can be advantageous for paternally inherited alleles. In contrast, the inclusive fitness of maternally inherited alleles is maximized by more controlled nutrient exchange to enable equal allocation to all littermates. Other prominent theories include the co-adaptation of mutually favorable traits in parent and offspring 6, 7 , among others 4 , and it is not clear whether imprinting can be entirely explained by one model.
To systematically identify imprinted genes and measure the breadth of tissues and developmental stages in which they are imprinted, we constructed an atlas of genomic imprinting in mouse ( Fig. 1,  Supplementary Figs. 1-3 and Supplementary Data Set). We detected imprinting as allele-specific expression (ASE) consistently biased toward either the maternal or paternal allele in reciprocally crossed F 1 hybrids of diverged inbred mouse strains [8] [9] [10] (C57BL6/J and CAST/EiJ), using methods that reliably discriminate imprinting from technical and biological variation 11 (Online Methods) . We sequenced the mRNA from 26 unique tissues and developmental stages (61 biological samples) and combined our data with those from 7 additional published tissues 9, [12] [13] [14] [15] (Supplementary Table 1 ). For the 207 imprinting measurements that have previously been reported 16 , in the gene-tissue pairs assayed here, data for 95.6% of the loci agreed ( Supplementary  Fig. 4a ); 5 of the 9 cases that disagreed were in tissues sampled at different developmental time points, and the remaining 4 cases included some equivocal evidence (for example, claims of imprinting without confirmation from a reciprocal cross 17 ). We confirmed the reported non-canonical maternal expression of Igf2 and the paternal expression of Grb10 in adult brain 12 , and we found this reciprocal pattern in all central nervous system (CNS) tissues ( Fig. 1 and Supplementary  Figs. 2 and 3) . We observed both paternal and maternal expression for Copg2 and Rtl1 as well ( Fig. 1 and Supplementary Figs. 2  and 3) . Overall, our atlas increased the number of reported genetissue imprinting measurements 16, 18 by nearly an order of magnitude ( Supplementary Fig. 4b and Supplementary Data Set).
We identified 74 new candidates for imprinted genes that we tested by pyrosequencing, finding evidence of imprinted expression for 12 ( Supplementary Fig. 5 and Supplementary Tables 2 and 3) . We designated 7 of these 12 genes as 'high confidence' , on account of evidence from imprinting in multiple tissues and/or biological replicates, high allelic bias and concordance at multiple SNPs. Seven of the 12 genes were also located in regions previously shown to lead to parent-of-origin phenotypes (2.34 expected by chance; P = 0.006; Supplementary Data Set). We also found biallelic expression of eight genes previously reported to be imprinted (Htr2a, Pde4d, Tbc1d12, Gatm, Dlx5, Gabrb3, Nap1l4 and Pon2), which together with other conflicting evidence 19 indicates that these genes are likely not imprinted ( Supplementary Table 4 ). The Supplementary Data Set lists all high-confidence imprinted genes.
One of the most striking features of the mouse atlas was the robust conservation of imprinting across tissues; the majority of imprinted genes were imprinted in nearly all tissues where they were expressed Genetic conflict reflected in tissue-specific maps of genomic imprinting in human and mouse ( Fig. 1, Supplementary Figs. 2 and 3 , and Supplementary Data Set). Embryonic, extra-embryonic and CNS tissues had the highest proportion of genes imprinted ( Fig. 1a,b) , consistent with the known role of imprinting in development and social cognition 2 . Of the genes that were imprinted in some tissues and biallelically expressed in others, 52 of 55 were imprinted in embryos but not in adults (the remaining 3 genes-Phf17 (Jade1), Gab1 and Slc22a3-were imprinted in placenta and yolk sac). These observations support a model where imprinted expression manifests during embryogenesis and then either persists through adulthood or is lost during development.
Genes with the most similar imprinting patterns ('co-imprinting') were often clustered in the genome (Fig. 1c) , as expected because of shared cis regulatory elements 2 . We found a number of significant functional enrichments (false discovery rate (FDR) < 0.05) within clusters of co-imprinted genes, including growth (for example, decreased fetal weight), nutrient processing (for example, glucose transport and uptake), and CNS development and signaling (for example, nerve growth factor signaling) (Online Methods and Supplementary Table 5 ). We also found a strong enrichment for neuropeptide hormone activity mediated by oxytocin/vasopressin signaling ( Supplementary Fig. 6 ), consistent with a recent link between this signaling and the regulation of feeding behavior 20 and widespread imprinting in the hypothalamus (Fig. 1) .
To enable comparisons of imprinting patterns between species, we also generated an atlas of human imprinting. The lack of engineered crosses in humans necessitates a more complex approach to identify parental-specific expression. Two major causes of autosomal ASE are imprinting and genetic variants affecting expression through regulation in cis. ASE caused by genetic variants typically leads to a consistent expression bias from the same allele in heterozygous individuals (in at most ~50% of individuals). In contrast, imprinted genes have ASE in all individuals but without bias toward any particular allele ( Fig. 2a) . With ASE data from many individuals, these differences could potentially allow the identification of imprinted genes.
We measured ASE in 1,687 RNA sequencing (RNA-seq) samples from 45 tissues in 178 individuals (Gene-Tissue Expression Project Figure 1 Atlas of genomic imprinting in mouse. All known and new validated imprinted genes with at least one expressed SNP in both reciprocal crosses are shown. (a) Tissue types analyzed. (b) Proportion of genes imprinted, detected using the same number of allele-specific sequencing reads in all samples. (c) Atlas generated using all sequencing reads. Genes are colored by their imprinting score (IS; blue or pink) when allelic counts supported a parent-of-origin bias and by their level of gene expression (yellow; asinh(FPKM)) when parent-of-origin bias was absent. The y axis was clustered treating parent-of-origin expression (blue or pink) equivalently by setting imprinting scores to positive values and non-imprinted expression (yellow) to negative values, thereby grouping similarly expressed and imprinted genes together. The x axis was sorted on the proportion of genes imprinted. Maternal expression in embryonic day (E) 9.5 placenta is not shown because we could not reliably exclude signal stemming from contaminating maternal tissue (supplementary Fig. 20 ). Genomic clusters of at least two genes (within 1 Mb of each other) were each assigned a unique color, shown on the right, when these genes also clustered by imprinting pattern. The ASE data used to generate the plot are available in the supplementary Data set. Previously published samples: pre-optic area 12 , E15 brain 12 , prefrontal cortex 12 , E9.5 embryo 9 , trophoblast stem cells 14 , E17.5 placenta 15 , embryonic fibroblasts 13 , differentially methylated regions (DMRs) 33 and uniparental disomy phenotypes (MouseBook; Harwell Phenotype Maps) (for example, maternal UPD (uniparental disomy) indicates that the gene is within a region that affects a phenotype when both copies of the region are maternal). Asterisks indicate promising new imprinted gene candidates only imprinted in one tissue (supplementary Atlas of genomic imprinting in human. (a) ASE caused by genetic polymorphisms will tend to be biased toward the same allele (orange) in heterozygotes, which are at most 50% of individuals. In contrast, ASE due to imprinting will be present in all individuals but will not favor either allele. (b) ASE for all genes powered (see Online Methods) in all available GTEx.v3 samples. ASE is scaled from −1 (100% expression of one allele) to +1 (100% expression of the other allele), and sorting genes on the basis of Σ|ASE| yielded 7 known imprinted genes (green text) among the top 12. (c) Resolving mean(|ASE|) further by plotting against mean(ASE) showed the tendency for imprinted genes to switch bias between alleles (y ≈ 0) and for the strongest imprinted genes to have ASM 22 (shown are genes identified in 10 or more of 22 biological samples). (d) Number of known imprinted genes (positives), detected among all genes sorted using various scoring schemes. Combining the methylation score (ASMS) and RNA score (RS; into a combined score, CS) improves overall performance. The hippocampus is shown in c and d; other tissues behaved similarly. (e) Monoallelic expression of imprinted genes in 45 human tissues. Genes with CS < 0 (no evidence for imprinting) are colored blue. Clustering was performed using Manhattan distance. Right, pedigree analysis shown as the average parent-of-origin bias for 2 parents and 11 children. Precision is the proportion of positive calls that are known to correspond to imprinted genes given the 45 tissue-specific CS values used to establish a threshold (Online Methods). An asterisk indicates genes validated by mmPCR sequencing. Black text, known; red text, GeneImprint or new.
npg l e t t e r s (GTEx.v3) 21 ); Supplementary Table 6 ). We previously showed that concordance in ASE between two samples measured at the same SNP underestimates error as a result of systematic biases 11 . Therefore, we calibrated our parameters on the concordance of ASE between different SNPs within the same gene. We found excellent agreement between genotyped and imputed SNPs (Pearson r 2 = 0.94; Supplementary  Fig. 7) , demonstrating high accuracy for genotype imputation, phasing and quantification of ASE. We found that, similarly to in mouse, imprinted genes were highly over-represented among monoallelically expressed genes (with 7/76 known imprinted genes among the top 12 with the highest significance of ASE; Fig. 2b ). The detection of imprinted genes was further improved by eliminating genes with consistent ASE directionality across individuals (likely due to cis regulatory variants) ( Fig. 2c) and incorporating allele-specific methylation 22 (ASM) data (Fig. 2d) .
To assess the accuracy of our predictions, we analyzed RNA-seq data for lymphocytes derived from 17 members of a 3-generation family 23 . This pedigree allowed us to identify imprinted genes, as their direction of ASE depended on each allele's parent of origin (Online Methods and Supplementary Figs. 8 and 9) , and to estimate an FDR l e t t e r s for our GTEx scoring scheme (Fig. 2d) . This represents a general approach that can be applied to discover imprinted genes whenever multigenerational expression and genotype data are available. As in mouse, we identified most genes known to be imprinted in human (63/76; Fig. 2e and Supplementary Data Set) . The majority of the genes that we missed did not meet our stringent criteria (for example, four expressed heterozygous SNPs). Only a few new imprinted genes in human reached a level of significance comparable to that for well-established imprinted genes, supporting the expectation that the majority of genes imprinted in adult tissues have already been discovered. We identified 17 strong candidates (Fig. 2e) at a significance level corresponding to an FDR of 1% and achieved 100% ASE validation by microfluidics-based multiplex PCR (mmPCR) ( Supplementary  Figs. 10-12, Supplementary Table 7 and Supplementary Note). NHP2L1, PMF1, PPIEL and ZNF595 were previously predicted on the basis of strong ASM 22, 24 , but it was their patterns of ASE (RNA scores) that pushed them to significance in our study and distinguished them from many other genes with ASM but no evidence of ASE. Similarly to in mouse, when a gene was imprinted in adult tissues, it tended to have a consistent, strong allelic bias in all tissues sampled. Nonetheless, distinct patterns of bias in allelic expression were enriched for functions including development via Hedgehog signaling, kidney development, skeletal system development, regulation of growth and synaptosome localization ( Supplementary Table 8 ).
Our new imprinted genes regulate glucose import in response to insulin (PID1), glucagon signaling and feeding behavior (GNG7) and growth (PMF1) and are associated with birth weight (DHFR) and type 2 diabetes (MYO1D) ( Supplementary Table 3 ). As in mouse, genes with ubiquitous monoallelic expression (the first 19 genes in Fig. 2e ) were highly enriched for oxytocin/vasopressin neuropeptide activity and genes governing eating behavior (Supplementary Fig. 13) .
We identified several properties of genomic imprinting conserved between human and mouse. The dichotomy of imprinting between neural and non-neural adult tissues was shared ( Fig. 2e and  Supplementary Fig. 3 ), suggesting a conserved role for imprinting in neural function. We also found that genes that were imprinted in both species had stronger allelic bias but similar imprinting breadth when compared to species-specific imprinted genes (Fig. 3) . Interestingly, among the most strongly conserved imprinted genes, 'response to growth factor stimulus' was the most highly enriched function (Supplementary Fig. 14) , consistent with the theory that imprinting evolved owing to genetic conflict over nutrient allocation 3 . For the 41 genes imprinted in mouse but not human, we observed an excess of maternally expressed genes (61%). This finding is consistent with theoretical predictions that the silencing of paternally derived alleles should be less evolutionarily stable, owing to maternal alleles having greater control over the in utero environment 25 . If indeed paternal silencing is less stable, it should be less common overall-despite being enriched among species-specific imprinted genes-which was indeed the case (average 35% maternal expression/paternal silencing across all mouse tissues).
If imprinted genes are indeed often involved in genetic conflict, pairs of maternally and paternally expressed genes with opposing roles may coevolve in evolutionary 'arms races' , possibly leading to the coexpression of antagonistic gene pairs 26 . Consistent with this hypothesis, we observed an excess of maternal-paternal pairs among the most strongly coexpressed imprinted genes in mouse (excluding genes in close genomic proximity; Online Methods) ( Supplementary  Fig. 15 and Supplementary Table 9 ). Many of the strongest maternalpaternal coexpressed pairs also had reciprocal imprinting patterns ( Fig. 3c and Supplementary Fig. 16 ) and opposing functions.
For instance, Magel2 and Calcr are a coexpressed pair involved in neuropeptide hormonal signaling. Loss of Magel2 function results in poor suckling and neonatal growth retardation 27 , whereas Calcr affects appetite suppression through amylin regulation 28 . Igf2r and Phf17 have also been linked to the regulation of growth: Igf2r suppresses growth 29 , whereas Phf17 promotes vasculogenesis of the placenta 30 , where it is preferentially imprinted (Fig. 3c) . The human orthologs of the maternal-paternal pairs were coexpressed as well (Supplementary Fig. 17 ), suggesting conservation of these antagonistic interactions.
An additional prediction of the conflict/arms race model is that the expression levels of imprinted genes may increase as a result of positive selection, in response to increases in the expression levels of their antagonistic counterparts. To investigate this possibility, we computed the expression divergence (Euclidean distance 31 ) between all mouse-human orthologs in 14 tissues profiled in both species. We found a higher rate of divergence among the imprinted genes with the strongest allelic bias (Fig. 3d , Online Methods and Supplementary  Figs. 18 and 19) . To test the possibility that strong imprinting itself causes variable expression, we searched for a similar pattern among human individuals but actually found less variation in expression for imprinted genes (Fig. 3e) . This pattern of high interspecies divergence, coupled with low intraspecies variation, is consistent with the idea that positive selection contributed to the divergence.
To test whether this rapid divergence in expression reflects upregulation, as predicted by the conflict/arms race model, we compared the expression levels of imprinted genes in human and mouse with the expression levels of their orthologs in platypus and chicken, which are not likely to be imprinted 32 . Of ten imprinted genes with ten-way 1:1 orthologs across amniotes, nine had higher expression in human and mouse than in platypus and chicken (P = 0.0033; GRB10 is shown as an example in Fig. 3f ; all data are shown in Fig. 3g ; Online Methods). This difference is present in spite of the corresponding gene being expressed from only one allele in human and mouse (and thus having 50% lower expected expression, all else being equal), consistent with upregulation due to antagonistic coevolution.
In conclusion, our human and mouse imprinting atlases have shown the patterns of imprinting-across development, tissues and species-in unprecedented detail. Tissue-specific imprinting is surprisingly rare, with most genes either imprinted in all adult tissues where they are expressed or in none. In addition, genetic conflict between imprinted loci can explain several key observations: coexpression of maternally and paternally expressed genes, rapid divergence in expression levels and an overall pattern of upregulation associated with imprinting. We expect that these resources will be instrumental in refining the understanding of imprinting mechanisms at individual loci and that similar atlases in other species will improve understanding of the origins of imprinting. Consortium 21 and processed as described previously 42 with some modifications (Supplementary Note). One heterozygous SNP was identified for each gene and subject; preference was given to heterozygous SNPs identified by exome sequencing, to genotyped variants when exome SNPs were not detected and to imputed SNPs if no other evidence was available. Allelic ratios were quantified as described previously 42 (see Supplementary Table 2 for design details).
Human-mouse comparisons. Mean allelic bias was quantified for each gene as the sum of the allelic biases across all tissues where imprinting was detected (max(P) < 0.01 from the two reciprocal crosses in mouse with consistent parentof-origin bias and CS > 0 in humans). Each tissue contributed a value between 0 (100% biallelic expression) and 1 (100% monoallelic expression).
Enrichment for maternal-paternal coexpressed genes among similar imprinting patterns. Gene expression was quantified as arcsinh (similar to the natural log but allowing for values of zero) of FPKM (fragments per kilobase per million uniquely aligned reads that overlap the gene) and was quantile normalized in each species separately. These data were used to compute the distances between all unique pairwise combinations of genes. The distance similarity metric (dist.sim) used for all comparisons was standard Euclidean distance. In comparisons of the number of maternal-paternal interactions, an interaction was defined between two genes if they did not exceed the maximum dist.sim threshold. Interactions between genes less than 1 Mb apart were not considered to avoid effects from shared cis regulation (for example, two genes affected by the same DMR). When multiple interactions existed between genes within a cluster (within 1 Mb of each other) and one other gene, only the lowest dist.sim value was considered. Two interaction types were considered: mm/pp (maternal-maternal or paternal-paternal) and mp/pm (maternal-paternal or paternal-maternal). The significance of deviation from the null expectation was tested with a binomial test (cumulative), where the null expectation was set to the ratio of all possible mm/pp pairs to mp/pm pairs (after removing interactions within the same genomic regions).
Divergence of gene expression among imprinted genes. Gene expression
was quantified for all human and mouse orthologs 40 as described above in 15 pairs of matching tissues. Mean FPKM was used when multiple individuals were sequenced for the same tissue. Stomach was excluded because the mouse and human counterparts did not cluster next to each other, possibly as a result of the human dissection including muscular tissue (Supplementary Fig. 24 ), leaving 14 pairs for analysis. Data were median subtracted (for each gene; the median across all tissues was subtracted from its value) and quantile normalized within each species separately, then merged and quantile normalized again to minimize species-specific biases. Imprinting strength was measured as the sum of ASE across all tissues, such that each tissue could contribute a value ranging from 0 (no ASE) to 1 (100% monoallelic expression). Divergence was measured using the Euclidean distance between each set of orthologs and was quantified as a z score (number of standard deviations from the mean) relative to a background set matched for the degree of expression. A gene was included in the background if it was expressed in the same number of tissues (nonzero expression after median subtraction) with the highest FPKM value being within 10% of the highest FPKM value of the imprinted gene; the background was further trimmed such that the same number of genes had expression above and below the imprinted maximal expression. There was no association between background scores and imprinting breadth. Imprinting breadth was the sum of allelic bias across all tissues. The sum of the Euclidean distances between matched tissue pairs was also used to quantify divergence, where the inputs were groups of genes and matched background sets that comprised randomly substituted genes from all orthologs. Human-human comparisons (Fig. 3e) were run on mean expression across 2 random subsets of individuals for the top 15, 20 and 25 genes sorted on strength of ASE. For comparison, random sets of genes were also analyzed in the same way.
Comparison of expression for imprinted genes to that of non-imprinted orthologs.
Normalized gene expression data from six tissues for ten species 43 were averaged across biological replicates (disregarding sex). Among 41 genes imprinted in both human and mouse, 10 were represented among 10-way 1:1:…:1 orthologs. For each gene, an average log 2 ratio of mean(human, mouse)/mean(chicken, platypus) RPKM was computed across all tissues, where the gene was imprinted in both human and mouse (43 total genetissue pairs). To quantify significance, this analysis was repeated 10,000 times on randomly selected non-imprinted genes using expression data from the same tissues.
